A method of analysis of EEG wave packets based on wavelets and nonparametric statistics is developed. The method is compared with standard methods based on Fourier spectra and complex Morlet wavelets by the example of Parkinson's disease experimental data. We demonstrate that these methods are complementary, that is, the standard methods and the wave packet analysis method reveal sufficiently different effects in the EEG data.
Introduction
A wave packet is a wave action (a "burst") that is well localized in space and time. The wave packet is a typical pattern in a background electroencephalogram (EEG) and detecting / analysing such signals gives useful information about the brain activity. Alpha spindles (sleep spindles) and beta spindles are the best known examples of the wave packets in EEG; several methods based on Fourier spectra, wavelets, autoregressive models, adaptive filtering, etc. have been developed for detecting and analysing these EEG patterns (see surveys in [1, 2, 3] ). The idea of our method of EEG analysis is in that we detect and analyse the wave packets in a wide frequency band including theta, alpha, beta, and gamma EEG. We detect the wave packets as local maxima in a wavelet spectrogram of an EEG record and compute various attributes of these signals: a quantity of the wave packets per second, an average power / amplitude, an average central frequency, an average duration of the signals, etc. Then we implement a group statistical analysis on the base of these attributes using the nonparametric statistics. In the paper, we demonstrate that this method reveals a new effect in the early stages of Parkinson's disease. The method of analysis of the EEG wave packets is described in Section "The Analysis Method". The experimental setting is described in Section "The Experimental Setting". The data processing stages and results of the statistical analysis are described in Section "Data Analysis". Section "Method Comparison" contains a comparison of the method with the standard methods based on Fourier spectra and complex Morlet wavelets. Section "Discussion" contains a discussion of the results of the statistical analysis and the comparison.
The Analysis Method
The method of EEG wave packet analysis includes detection of local maxima in wavelet spectrograms, determination of various attributes of these maxima, and statistical analysis of these attributes. Let M be a local maximum in a wavelet spectrogram. We consider M as a case of a wave packet if the half width of M (at half maximum) is greater or equal to the T H threshold in the time plane and greater or equal to the F H threshold in the frequency plane (see fig. 1 ). The F H threshold is a constant and the T H threshold is a function of the f central frequency of the M maximum:
where N P is a constant given by an expert. In this paper, we apply the values: N P =2 and F H =1 Hz. The amplitude of a typical wave packet in the alpha frequency band 8-12 Hz (an alpha spindle) is much bigger than the amplitude of a typical wave packet in the beta frequency band 12-25 Hz (a beta wave packet). Thus the beta wave packets are hardly noticeable against a background of the alpha wave packets. Moreover, spectrograms of alpha spindles have tails that continue in other frequency bands including the beta and the gamma bands. Thus classical EEG analysis methods based on wavelets can mistakenly account these tails of the alpha wave packets as a beta / gamma electrical activity. The B wave packet has a distinct localization in the beta time-frequency area. At the same time, one can see a pronounced tail of another local maximum A on the left that is originated in the alpha frequency band. The developed method prevents erroneous recognition of this tail as an electrical activity in the beta band. The original wave packet B is shown in figure 6 . At the next stage of the analysis, a set of attributes of detected wave packets is calculated including the following ones:
 The quantity of the wave packets per second in given frequency bands.  An average power / amplitude of the wave packets in the given bands.  An average frequency of the wave packets in the given frequency bands.
 A standard deviation of the power / amplitude of wave packets in the given frequency bands.  An average duration of the wave packets in the given frequency bands.
Then the Mann-Whitney nonparametric statistical test is used for group comparisons of the calculated values. A nonparametric statistics is necessary because we analyze samples of small sizes (one can compare 15 subject groups and even less) and the samples do not correspond to the normal distribution law.
The Experimental Setting
A group of 18 patients with the first stage Parkinson's disease receiving no treatment and a group of 19 healthy volunteers as a control were recruited. The patients were diagnosed according to the standard Hoehn and Yahr scale. All patients and volunteers were right-handers. There were 11 patients with the right side tremor and 7 patients with the left side tremor in the group. The age of patients ranged from 38 to 64 years; the mean age was 55 years; the standard deviation of the age was 6.5 years; the median of the age was 56 years; the 10% quantile of the age was 47.30; the 90% quantile was 62 years. The ages of controls ranged from 40 to 81 years; the mean age was 55 years; the standard deviation of the age was 10.51 years; the median was 53 years; the 10% quantile was 43.40 years; the 90% quantile was 72.60 years. No statistically significant differences between the ages of the patients and the controls were detected. EEG was recorded in a non-standard condition [4] , that is, a subject was instructed to keep a special pose to provoke a tremor: the arms were placed on armrests of the chair; the palms were straightened, placed in a vertical plane, and stretched a bit; the feet were stretched a bit and touched the floor by the heels only. The eyes were closed during the recording. A 41-channel digital EEG system Neuron-Spectrum-5 (Neurosoft Ltd.) was used for the data acquisition. The sampling rate was 500 Hz. The 0.5 Hz high-pass filter and the 50 Hz supply-line filter were used. Three EEG records were acquired for every subject with interruptions for a rest and a relaxation. The duration of every record was not less than 2 minutes. Then the best of three records was selected that contains a minimal number of artefacts. A standard 10x20 EEG acquisition schema was used. In this paper, the C3 and C4 electrodes are considered only, because these electrodes approximately correspond to the motor cortex areas and are situated in the scalp area that produces a minimal number of muscle artefacts.
Data Analysis
Special software was developed for analyzing the data. The analysis includes the following EEG pre-processing operations:
 The Huber's X84 method [5] for outlier rejection was used for removing EEG artefacts.  A set of notch filters was applied for removing a power-line noise at 50, 100, 150, and 200 Hz.  The eight order 2-240 Hz band pass Butterworth filter was applied. Signals were filtered in the forward and reverse directions to eliminate a phase distortion.  Signals were decimated with the decimation factor 8.
The spectrograms were created using the Morlet wavelet:
In this paper, F b equals 1 and F c equals 1. The frequency step in the spectrograms equals 0.1 Hz. The method of EEG wave packet analysis reveals a new effect in the Parkinson's disease, namely, the number of beta (12-25 Hz) wave packets in the C3 and C4 channels is significantly decreased (Mann-Whitney, p < 0.02), see figure 7 . Note that the quantity of the wave packets only is considered in this test, but not the amplitude of the wave packets. 
Method Comparison
Let us compare the developed method of EEG wave packet analysis with a standard method of EEG analysis based on the Welch spectra. Let us apply the following attributes of the Welch spectra:
 The signal is to be divided into 3 second segments.  The Hann (Hanning) window is to be used.  The overlap of the segments is 7/8.  The segment of the signal is to be padded with trailing zeros to smooth the spectra. The length of trailing zeros is 100% of the segment length.
Let us compute the Welch spectra of all patient and control EEG signals. Then compute mean values of each spectrum (a mean power spectral density) in the alpha (8-12 Hz) and beta (12-25 Hz) frequency bands. After that compare the patient and control samples of the mean power spectral density in given frequency bands.
The Mann-Whitney test indicates that there is a significant difference between the patient and control samples (p < 0.05) in the alpha frequency band in the C4 electrode. In the C3 electrode, the test indicates only a statistical tendency in the alpha band ( fig. 8) . Fig. 8 . Scattering of the mean power spectral density in patients and controls. The C3 electrode is shown at the left, the C4 electrode is shown at the right. The abscissa is a mean power spectral density in the alpha frequency band in a logarithmic scale. The ordinate is a mean power spectral density in the beta frequency band in a logarithmic scale. The patients are indicated by diamonds and the controls are indicated by circles
Thus the Welch spectra indicate the significant difference in Parkinson's disease in the alpha frequency band and no significant differences in the beta band. The developed method of EEG wave packet analysis and the standard Welch spectra are complimentary, that is, one can apply them simultaneously and get sufficiently different information about the subjects. Let us compare the developed method with the standard one based on the complex Morlet wavelets. Firstly, compute wavelet spectrograms of all patient and control signals in the alpha and beta frequency bands with the 0.1 Hz frequency step. Then compute mean power spectral density of every spectrogram in every frequency band and apply the Mann-Whitney test to compare the patient and control samples.
The Mann-Whitney test indicates a significant difference (p < 0.03) between the patients and controls in the C3 and C4 electrodes in the alpha band ( fig. 9) . The Mann-Whitney test confirms the significant differences in the C3 and C4 electrodes in the alpha band, but the probability of the first type error (p < 0.01) is better than in the foregoing comparisons with the Welch power spectral density and the wavelet mean power spectral density. Nevertheless, no significant differences are revealed in the beta frequency band.
Discussion
There are contradictory results reported in the neurophysiologic papers on the Parkinson's disease. For instance, in [6] a significant increase of the power spectral density in the beta frequency band in Parkinson's disease is reported. At the same time, a significant decrease of the beta power spectral density is reported in [7, 8] . Our study shows that a detailed time-frequency dynamics of the cortex electrical activity in the alpha and beta frequency bands is to be considered to resolve the contradiction, be-cause a set of sufficiently different effects present in the neighbouring frequency bands, namely, a significant increase of the spectral density power in the alpha band and a significant decrease of the quantity of the wave packets in the beta frequency band. Furthermore, it is necessary to avoid an erroneous interpretation of the tails of the alpha wave packets as an electrical activity in the beta band. The developed method of the analysis of EEG wave packets considers separate wave packets in the EEG signals and, therefore, analyzes the brain electrical activity more carefully. Nevertheless, the method is complementary with respect to the standard EEG analysis methods based on the power spectral density estimation, because these methods may discover different significant regularities in the EEG signals.
Conclusion
The method of a brain electrical activity investigation based on the EEG wave packet analysis is developed. The method reveals a new statistically significant effect in a group of de novo Parkinson's disease patients. The comparison of the method with the standard analysis methods based on the Welch spectra and complex Morlet wavelets shows that these methods are complimentary, that is, the standard methods indicate a significant increase of the power spectral density in the Parkinson's disease in the C3 and C4 electrodes in the alpha frequency band and the method of wave packet analysis indicates a significant decrease of the quantity of the wave packets in these electrodes in the nearby beta frequency range. This result demonstrates that an accurate EEG analysis based on the investigation of the time-frequency dynamics of the electrical activity is necessary to resolve the contradiction existed in the neurophysiologic literature.
